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Abstract
In situ measurements of the heliospheric particle populations by the Voyager spacecraft
can only be put in an appropriate context with remote-sensing observations of energetic
and interstellar neutral atoms (ENAs and ISN, respectively) at 1 au when the time delay
between the production and the observation times is taken into account. ENA times of
flight from the production regions in the heliosheath are relatively easy to estimate because
these atoms follow almost constant speed, force-free trajectories. For the ISN populations,
dynamical and ballistic selection effects are important, and times of flight are much longer.
We estimate these times for ISN He and H atoms observed by IBEX and in the future
by IMAP using the WTPM model with synthesis method. We show that for the primary
population atoms, the times of flight are on the order of three solar cycle periods, with a
spread equivalent to one solar cycle. For the secondary populations, the times of flight
are on the order of ten solar cycle periods, and during the past ten years of observations,
IBEX has been collecting secondary He atoms produced in the OHS during almost entire
19th century. ISN atoms penetrating the heliopause at the time of Voyager crossing will
become gradually visible about 2027, during the planned IMAP observations. Hypothetical
variations in the ISN flow in the Local Interstellar Medium are currently not detectable.
Nevertheless, we expect steady-state heliosphere models used with appropriately averaged
solar wind parameters to be suitable for understanding the ISN observations.
Keywords: Heliosphere (711), Heliosheath (710), Heliopause (707), Astrosphere interstel-
lar medium interactions (106), Stellar wind bubbles (1635)
1. INTRODUCTION
The heliosphere is formed due to interaction of the solar wind with the local interstellar
matter. This interaction has been studied using both in situ and remote-sensing observation
techniques. Understanding the processes at the heliospheric boundary and of the conditions
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outside the heliosphere is typically done by fitting parameters used in models of the helio-
sphere to various observations. The observables include, e.g., the distances of crossing the
termination shock and the heliopause by the Voyager spacecraft, the sky distribution of the
flux of energetic neutral atoms (ENAs), the size and the center location of the IBEX ribbon
of enhanced ENA emission, the flux of interstellar neutral (ISN) gas directly sampled at
1 au, and the sky distribution of the heliospheric backscattered Lyman-α glow. Applica-
tion of state of the art models of the heliosphere for determination of various subsets of
the Local Interstellar Medium (LISM) parameters based on various subsets available data
resulted in significantly different estimates of numerical values of these parameters (e.g.,
Zirnstein et al. (2016) and Bzowski et al. (2019) on one hand and Izmodenov & Alexashov
(2020) on the other hand).
Solar wind varies with time quasi-periodically at a time scale of the period of the solar
activity cycle∼ 10.7 years and secularly, with the strength of the activity maximum chang-
ing from one solar cycle to another. This results in variations of the solar wind dynamic
pressure and other parameters with time. Even assuming that the interstellar matter around
the Sun is homogeneous at spatial scales of a thousand au, the variation of the solar wind
implies that the size of the heliosphere, the shape and distance to the solar wind termination
shock, and to the heliopause vary. Also the plasma flow around the heliosphere in the outer
heliosheath (OHS), as well as that in the inner heliosheath between the termination shock
and the heliopause vary. Consequently, also populations of particles used as carriers of
information on the processes operating in the interaction region, like ENAs, energetic ions,
and the secondary population of ISN gas created in the OHS vary with time.
Some of these populations, as well as the derivative populations created in the inner helio-
sphere due to interactions with the solar output, also vary in time. Because of all these vari-
ations, a priori the global heliosphere and the individual heliospheric populations should
be studied using time-dependent models. Such models have been developed: see, e.g.,
Izmodenov & Malama (2004); Pogorelov et al. (2009b); Izmodenov & Alexashov (2015).
However, an open question remains what is the delay between the creation and the detection
of the particle population observed nowadays at 1 au, and if the available measurements of
solar activity-related phenomena reach sufficiently backwards in time to enable a realistic
modeling of the heliospheric interface at the time of creation of presently-observed popu-
lations.
The heliopause in the upwind region is located at∼ 120 au (Stone et al. 2013; Stone et al.
2019). Secondary ISN atoms originating in the outer heliosheath must cover a distance of
∼ 120 − 250 au to reach a detector at 1 au. On the other hand, ENAs originating in the
inner heliosheath must cover a distance shorter by half, and they travel considerably faster,
which suggests that the epochs from which information is brought by the ISN and ENA
populations are very different.
Travel times vs speeds and energies at 100 au for atoms with energies from 0.01 to
100 keV at 1 au are shown in Figure 1. Clearly, for ENAs the approximation of a straight-
line, constant-speed motion, frequently used to estimate travel times and distance to the
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Figure 1. Speed at 100 au (upper panel) and time of flight at a Keplerian trajectory from 100 au
to a detector at 1 au (lower panel) for atoms with kinetic energies/nucleon at 1 au ranging from
those typical for ISN atoms observed by IBEX-Lo (Fuselier et al. 2009) up to those characteristic
for the most energetic atoms sampled by the SOHO/HSTOF experiment (Hovestadt et al. 1995;
Hilchenbach et al. 1998). Effects of acceleration are included. The gray line in the lower panel
shows the time of flight for a constant-speed, straight-line motion. Inset in the lower panel shows
times of flights (TOF) of He atoms from 200 au for speeds at 200 au from 10 to 60 km s−1
ENA origin sites in the inner (e.g., Reisenfeld et al. 2016, 2019; McComas et al. 2019) and
outer heliosheath (e.g., Schwadron & McComas 2019) is fully adequate, and since travel
times are relatively short (less/much less than the solar cycle length), it is feasible to connect
variations in the solar wind, directly measured at 1 au, with variations in the heliospheric
ENA flux. ISN atoms, however, travel much slower (∼ 25 km s−1), and the secondary
atoms even slower (∼ 12 − 15 km s−1). Therefore, it can be expected that their times
of flight are much longer and significantly different for the primary and secondary atoms.
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Because of the acceleration and bending by solar gravity inside the heliosphere, these times
of flight cannot be assessed straightforwardly.
ISN atoms observed at 1 au are subjected to time-varying ionization losses
(Rucin´ski & Bzowski 1995; Rucin´ski et al. 2003), and H atoms additionally to variations
in radiation pressure. However, these variations are induced locally from the view point
of the global heliosphere, in a time frame less than a year prior to the observation time
(Bzowski et al. 2002), which is well inside the time interval covered by available solar
wind and solar EUV observations.
In this paper, we focus on travel times of the primary and secondary ISN atoms of He and
H sampled by IBEX and, in the future, by IMAP. We seek to identify the epoch when the
presently observed atoms had been produced from the plasma in the outer heliosheath and
what is the travel time spread in atom samples observed in different locations in the Earth
orbit from different directions in the sky. Answering this question permits to assess a time
interval needed for observations of ISN atoms permitting to discover hypothetical spatial
variations in the distribution of ISN gas in the local interstellar medium, that would show
up as a temporal variation in the gas inflow parameters. It also reveals the epoch that must
be covered by time-dependent global models of the heliosphere to make them applicable as
a basis for interpretation of ISN atoms observed at 1 au using any observation techniques,
be it direct sampling, heliospheric glow, or pickup ion measurements.
We begin with a brief presentation the method we used for assessing the time of flights,
atom arrival dates, and their spread. Subsequently, we discuss the times of flight of the
primary and secondary populations of helium atoms observed by IBEX and IMAP. Then,
we discuss differences in times of flight between helium and hydrogen atoms and offer
predictions, when the ISN atoms that penetrate inside the heliopause at the time when
Voyager was exiting it will be visible to a detector at 1 au. We finish with a summary and
conclusions.
2. CALCULATION OF TIMES OF FLIGHT
The times of flight of the atoms are calculated using the numerical version of the Warsaw
Test Particle Model (nWTPM) simulation code (Soko´ł et al. 2015) with secondary atom
synthesis method (Bzowski et al. 2017; Bzowski et al. 2019), appropriately adapted for our
purposes. We calculate mean times of flight of ISN atoms for specific locations of observa-
tions, viewing directions, and instrument fields of view defined by IBEX/IMAP collimator
transmission functions. For a given observation date tobs, location robs, detector veloc-
ity relative to the Sun vobs, viewing direction α, and an ISN model parameter set pi, the
mean time of flight TTOF from a selected geometric location in space rB to the detector is
calculated as:
TTOF (robs, vobs,α,pi) = tobs − τ (tobs, robs, vobs,α,pi)±∆τ, (1)
where τ is the weighted average date of crossing by atoms the interaction region boundary,
weighted by observed flux:
τ (tobs, robs, vobs,α,pi) = T (tobs, robs, vobs,α,pi) /Φ (tobs, robs, vobs,α,pi) (2)
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with
T (tobs, robs, vobs,α,pi) =
∫
∆α
C(α) dα
umax∫
umin
tB u ω (v, robs, vobs,pi) u
2du, (3)
T2 (tobs, robs, vobs,α,pi) =
∫
∆α
C(α) dα
umax∫
umin
t2
B
u ω (v, robs, vobs,pi) u
2du, (4)
Φ (tobs, robs, vobs,α,pi) =
∫
∆α
C(α) dα
umax∫
umin
u ω (v, robs, vobs,pi) u
2du. (5)
T is the mean calendar date of the boundary crossing, T2 is the mean square of this date,
both multiplied by the atom flux at the detector, Φ is the atom flux at the detector. Note that
all these quantities are filtered (weighted) by the collimator function. Similarly, the mean
speed uB at the boundary rB of the region of interest in the OHS by atoms that reach the
detector are obtained as:
uB (tobs, robs, vobs,α,pi) =
∫
∆α
C(α) dα
umax∫
umin
vB u ω (v, robs, vobs,pi) u
2du
Φ (tobs, robs, vobs,α,pi)
, (6)
where vB is the speed (i.e., the magnitude of velocity) of individual atoms at crossing the
boundary of the region of interest. The boundary rB is marked with the black contour in
Figure 2. Note that the rB distance may be different for different atom trajectories in the
calculation.
The integration in the formulae above is carried out in the spacecraft-inertial reference
frame, i.e., the motion of the spacecraft relative to the Earth and of the Earth relative to the
Sun are taken into account. In this frame, the speed of an atom relative to the spacecraft is
u. Formally, umin = 0 but some of the trajectories would not be able to reach outside the
heliopause – in this case, ω is set to 0. The lower boundary calculation implemented in the
code are based on the formalism presented in Section 2.3.1 in Soko´ł et al. (2015).
The upper boundary is formally umax =∞, in the code it calculated using the formalism
presented in Soko´ł et al. (2015) to satisfy the condition that the integration in the co-moving
frame of the unperturbed ISN gas extends to 4.5 thermal speeds of the gas. In the solar
inertial frame, the velocity of an atom hitting the detector is given by v, which is a function
of u and α. The quantity tB is calendar date of crossing by an individual atom of a certain
boundary distance rB during its travel from the LISM to the detector,C(α) is the collimator
transmission function, ω the statistical weight of a given atom, and∆α is the solid angle of
the instrument field of view.
We solve the Boltzmann equation using the method of characteristics. Unlike in the
Monte Carlo method, our trajectories do not mimic individual atoms. Instead, when we
select a given trajectory for calculation, we subsequently calculate the probability of exis-
tence at the detector of an atom with the given kinematic parameters against all production
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and loss processes underway, and given the probability of existence of this atom in the un-
perturbed LISM. The latter is obtained from the assumed distribution function of neutral
gas in the unperturbed LISM. So all trajectories are tracked all the way from the detec-
tor back to the LISM and then from the LISM to the detector. The statistical weight ω
is obtained from solution of production and loss balance equation along these trajectories,
calculated for each of them separately, using a method presented by Bzowski et al. (2017);
Bzowski et al. (2019), and Kubiak et al. (2019). This calculation goes as follows:
• in the spacecraft-inertial system, select the atom speed u and the impact direction α,
• calculate the Cartesian velocity vector and transform it to the solar-inertial frame by
subtracting the velocity vector of the detector vobs, so that the velocity of the atom
relative to the Sun at the detector site is v,
• calculate the atom trajectory from the detection site to the boundary of the calculation
region at r0 = 1000 au from the Sun and register the velocity vector of the atom
v0(tobs, robs, v),
• calculate the initial value ω0 of the statistical weight ω assuming that the distribu-
tion function at the boundary of the calculation region is given by a homogeneous
Maxwell-Boltzmann function fM(v0,pi), with the interstellar parameters pi (inflow
velocity vector, temperature, and density) adopted from Bzowski et al. (2019):
ω0 (tobs, robs, v,pi) = fM (v0,pi) , (7)
• identify the milestones at the trajectory: the heliopause at rHP and the location within
the interaction region at rB = 1.75× rHP; register the time and speed of the atom at
those milestone points,
• solve the production and loss balance equation along the trajectory between the point
of entrance to the simulation region and the detector (see Equation 4 in Bzowski et al.
2019)
• insert the solution for ω to Equations 3–6.
For He atoms, the production terms are due to charge-exchange injection of neutral-
ized interstellar He+ ions into trajectories leading to the detector (Equations 4, 5 in
Bzowski et al. 2019). This process stops at the heliopause. The loss terms include ion-
ization by solar EUV radiation and by charge-exchange collisions between neutral He
atoms at a trajectory leading to the detector and the ambient He+ ions (Equations 8, 9
in Bzowski et al. 2019). Inside the heliopause, the loss terms due to photoionization,
charge exchange, and electron-impact ionization are included, with the rates adopted from
Soko´ł et al. (2019a).
In the simulation, the vector v0 is obtained from solution of equation of motion. For
He atoms, ω0 does not depend on tobs because the trajectory is given by a purely Kep-
lerian solution, but for H, the total is a sum of the solar gravity force and the force of
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Figure 2. Plasma density outside the heliopause in a plane defined by the vectors of Sun’s mo-
tion and magnetic field in the LISM, determined in (Kubiak et al. 2016), shown to illustrate the
region where the production of secondary atoms is the most intense. The thick black lines mark the
heliopause at rHP and the boundary at rB = 1.75 × rHP.
radiation pressure, which is a function of the time-varying solar Lyman-α spectral flux
(Kowalska-Leszczynska et al. 2020). Consequently, the equation of motion must be solved
numerically (Tarnopolski & Bzowski 2009) and the trajectories and times of flight may be
different for identical locations in space but different times.
For ISN H atoms, the production and loss terms outside the heliopause are set to 0
and inside the heliopause, only loss terms are included, calculated based on a model by
Soko´ł et al. (2019a). We assume that the primary and secondary populations exist already
at the boundary of the simulations and that neither of them is modified inside the outer
heliosheath; this corresponds to the “two-Maxwellian approximation” from Kubiak et al.
(2019).
The integration over the detector field of view is carried out within a solid angle region
∆α delineated by the collimator boundary, centered at a direction α, with weighting given
by the collimator transmission function defined in Equations 31, 32 in Soko´ł et al. (2015).
For the location where calendar dates tB or tHP are taken, we adopt intersections of individ-
ual trajectories leading to the detector either with the heliopause at rHP, or with a surface
defined by the surface of the heliopause blown up to a distance rB = 1.75 × rHP (see Fig-
ure 2). This latter choice was adopted because most of the production of the secondary
atoms occurs in this region, as shown by Kubiak et al. (2019).
Atoms making up an IBEX/IMAP signal within an individual spin angle interval feature
a spread in the arrival direction and in speed. Consequently, the times of flight also feature
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a spread, which we calculate as the second central moment:
∆τ =
√
T2 (tobs, robs,α,pi) /Φobs (tobs, robs,α,pi)− τ 2 (tobs, robs,α,pi) (8)
For He, the production and loss terms are obtained based on a plasma flow outside the
heliopause taken from the Huntsville model of the heliosphere (Pogorelov et al. 2009a;
Heerikhuisen & Pogorelov 2010) with the interstellar parameters identical to those used by
Kubiak et al. (2019) to study the distribution function of ISN He in the outer heliosheath.
It is important to realize that the WTPM synthesis method does not formally differentiate
between the primary and secondary atoms.
The simulations were performed assuming LISM parameters identical to those used
by Bzowski et al. (2019) (see their Table 1); in particular, the bulk speed was assumed
25.4 km s−1, and the 7500 K, identical for ISN He and for the primary population of ISN
H. The inflow direction for both these species was adopted (255.7◦, 5.1◦) in the ecliptic
J2000 coordinates. The time of flight simulations for ISN He were performed for selected
IBEX orbits from ISN observation season 2010 : 54 – where almost solely the secondary
population of ISN He is observed, November 22; 61 – where a mixture of the primary
and secondary is visible, January 14; 64 – where the primary population dominates and
the secondary is only visible at the far wings of the signal, February 6; and for orbit 68
– where IBEX sampled a different portion of the primary ISN distribution function and
the secondary population is still visible in the wings of the signal, March 9. For ISN H,
we simulated orbit 68, orbits 69 and 70, where the ISN H signal is the most conspicu-
ous (Galli et al. 2019; Rahmanifard et al. 2019) and the flux of the primary population is
expected to exceed that of the secondary. In the following, we only show the results for
orbit 68 and equivalent during later years because for the other ones, the results are almost
identical.
3. RESULTS
3.1. ISN He
We provide context for the discussion of times of flight by presenting the simulated flux of
ISN He for the four selected orbits in the upper-left panel of Figure 3 (solid lines). This
flux is obtained using the secondary atom synthesis method. The atoms contributing to the
flux observed in individual spin angle bins belong both to the primary and the secondary
populations – this method does not differentiate between the populations, similarly to the
measurements. To facilitate assessing the contribution from the secondary population, we
also show the flux simulated assuming no interaction between ISN He atoms and interstel-
lar He+ ions in the OHS (unperturbed primary population – broken lines). The secondary
population can be approximately regarded as the difference between the respective solid
and broken lines. The secondary atoms clearly dominate in the wings of the flux distri-
bution (the solid lines are high above the broken lines), but also at the cores, where the
primary population dominates, a certain amount of the secondary atoms is present for all
orbits. In orbit 54, i.e., one of the orbits where Kubiak et al. (2014) discovered the sec-
ondary population of ISN He (dubbed the Warm Breeze), practically the entire population
TIMES OF FLIGHT OF ISN ATOMS 9
o054
o061
o064
o068
216 228 240 252 264 2  288 300 312
1
10
100
1000
104
105
106
s a
f
	



ISN H 
216 228 240 252 264 276 288 300 312
0
5
10
15
20
25
30
spin angle
sp
e
e
d
[k
m
/s
]
ISN He speed at 1.75⨯HP
216 228 240 252 264 276 288 300 312
50
100
150
200
spin angle
ti
m
e
[y
]
Mean TOF from 1.75⨯HP
216 228 240 252 264  288 300 312
5
10
50
100
 fffi
ti
m
e
i
fl
ffi

 
!
"
#
[y
]
Spread $% TOF from 1&'(⨯)*
Figure 3. Flux of ISN He for four selected IBEX orbits: 54, 61, 64, and 68 (upper left), average
speed at 1.75 × rHP (upper right), mean time of flight from 1.75 × rHP to the detector (lower left)
and the spread of the mean times of flight (lower right). Solid lines correspond to the model with
secondary atom synthesis method, the broken lines to a model where the production and loss terms
in the OHS are set to 0. These latter simulations are provided for reference. The two vertical bars
represent the spin angle range used by Bzowski et al. (2015) and Swaczyna et al. (2018) to fit the
temperature and the flow vector of the primary population of ISN He.
observed by IBEX consists of the secondary atoms, as illustrated by the large difference
between the solid and the broken dark-blue lines for this orbit in the upper-left panel of
Figure 3.
The atoms illustrated in Figure 3 are a subset of all ISN He atoms at the respective loca-
tions along the Earth orbit. This is because of the observation conditions: the instrument
is traveling with a certain velocity in space, which modifies the population of atoms able
to enter the collimator, and additionally, the collimator filters the atoms that have entered
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Figure 4. Similar to Figure 3 but for a geometry of direct-sampling observations enabled in the
future by IMAP. IBEX orbit 64 is repeated from the aforementioned figure and compared with
two possible observations by IMAP, one optimized for sampling mostly the primary population
(IMAP pri; DOY 113, boresight solar elongation 128◦) of ISN He, and the other for sampling
mostly the secondary population of He (IMAP sec; DOY 49, elongation 124◦). The broken lines
in the flux panel (upper left) correspond to the pure ISN He population (with no interaction in the
OHS), simulated for IBEX and for the IMAP geometry optimized for the primary population. In
comparison with the corresponding solid lines, they illustrate the amount of the secondary atoms,
always present in the observed samples. The green broken line is missing because it is below the
frame of the figure (i.e., practically no primary population expected in this viewing geometry). The
two vertical bars represent the spin angle range used by Bzowski et al. (2015) and Swaczyna et al.
(2018) to fit the temperature and the flow vector of the primary population of ISN He.
the instrument aperture. Details are discussed in Soko´ł et al. (2015). Therefore, the times
of flight and the other quantities discussed further on are not always characteristic for the
entire ISN population at the detector location. They are, however, characteristic for the
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atoms that bring the information to the detector. Furthermore, the atoms at 1 au are not
necessarily the most typical for the atoms present in the OHS in the interaction region.
This is illustrated by Kubiak et al. (2019), where speed-integrated distribution functions
for selected locations within the OHS are presented. These authors demonstrate that only
a small subset of the atoms with specific parameters of motion are able to reach 1 au at
an angle that enable them to enter the aperture of the instrument (cf Figures 3 and 8 from
their paper). However, these atoms are the carriers of the information that the detector is
gathering; all other atoms are not interesting for the topic of this paper because they do not
contribute data for our understanding of the process operating in the OHS.
In the lower-left panel of Figure 3 we show that the times of flight of IBEX He atoms
from the interaction region in the OHS (TTOF defined in Equation 1) are very diversified:
from about 30 years for the primary atoms, up to 200 years for the secondary atoms. As
secondary atoms we include those observed in the portions of Earth’s orbit where IBEX
samples almost solely the secondary population, as in orbit 54, and those in the far wings
in the other presented orbits. Note that the secondary population is observed in all orbits,
including those where the signal from the primary population dominates. The conclusion
is that, in the spin angle range corresponding mostly to the primary population (spin angles
250◦– 282◦, grey bars in Figure 3), IBEX observes atoms that passed the interaction region
approximately three solar cycles earlier. In the spin angle range corresponding mostly to
the secondary population, the delay is much longer: ∼ 50 – 200 years, i.e., ∼ 5 – 20
solar cycles. In addition to the long times of flight, the spread of the times of flight (∆τ in
Equation 8) is also large: from a half of the solar cycle period for the primary atoms to 50
– 100 years (5 – 10 solar cycle periods) for the secondary atoms.
Inspection of the upper-right panel in Figure 3 reveals that mean speeds at rB = 1.75×rHP
of the atoms contributing to the IBEX signal (uB defined in Equation 6) differ for the two
cases considered (i.e., with the OHS interaction included or switched off), even for the spin
angle bins containing mostly the primary atoms. This is evidence that in direct-sampling
observations at 1 au, there are no “pure primary population” observations: a contribution
from the secondary and/or effects of filtration of the primary are always present. If any-
thing, then one can select orbits and spin angle ranges where almost solely the secondary
population is present (see Kubiak et al. 2016).
The magnitude of the flux and its variation with IBEX spin angle evolve during the ob-
servation season. An important factor shaping this evolution is the geometry of IBEX ob-
servations, with the spacecraft spin axis maintained within a few degrees from the Sun and
viewing direction perpendicular to the spacecraft–Sun line (McComas et al. 2009). IBEX
is able to see atoms that belong to the core of the distribution within the OHS only during
one orbit each year (in our selection, orbit 64). However, the conclusion that times of flight
for the primary atoms are on the order of three solar cycles and for the secondary atoms
an order of magnitude longer holds regardless of the viewing geometry. We verified this
by simulating a different viewing geometry, namely that planned for a future space exper-
iment IMAP-Lo (McComas et al. 2018; Soko´ł et al. 2019b). In this geometry, the viewing
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direction of the detector is no longer fixed perpendicular to the spacecraft rotation axis, and
consequently, it will be possible to maintain the peak of the ISN flux in the instrument field
of view almost throughout the year. Soko´ł et al. (2019b) identified advantageous viewing
geometries. We selected one of them, distant from the vantage points of IBEX, and calcu-
lated the times of flight and their spread, as well as the speeds of the observed atoms in the
OHS. In addition to the viewing geometry optimized for observing the primary atoms, we
performed similar calculations for the viewing geometry optimized for observing almost
solely the secondary atoms. Results are presented in Figure 4.
Clearly, when the detector is looking into the peak of the flux of incoming atoms, times
of flight of the observed primary atoms are little dependent on the location of the detector
along the Earth orbit. These shown in Figure 4 are similar to those shown in Figure 3.
For the secondary atoms, times of flights do depend on the location of the detector and the
viewing geometry; in the geometry selected in Figure 4, the times of flight of the secondary
atoms are even longer than for IBEX orbit 54 and vary from 200 to 300 years, with a spread
from 100 to 200 years.
3.2. ISN H
We are able to provide only a limited insight into ISN H because WTPM with synthesis
method cannot be reliably applied in a situation where the secondary population is larger
than the primary, as seems to be the case with ISN H (see, e.g., Izmodenov et al. 2009).
Therefore, we limit the discussion to the orbits where the signal from the primary popula-
tion of ISN H is expected to be larger than that from the secondary, i.e., 68, 69, and 70 and
their equivalents for the solar maximum conditions (for the ISN observation season 2015).
For the primary H at the entrance to the simulation region, we adopt identical temperature
and flow vector as those for ISN He. In the following, we only show the times and speeds
for the viewing geometry for orbit 68 because, as we found, these quantities for orbits 69
and 70 are almost identical.
Additional factors, important for ISN H but absent for ISN He, are on one hand the solar
Lyman-α radiation pressure, which modifies the trajectories of individual atoms, and on
the other hand ionization losses in the inner heliosphere, much larger than those for He
(Rucin´ski et al. 1996). Radiation pressure compensates for solar gravity during low solar
activity (2010), and overcompensates the gravity during high solar activity (2015), which
makes the effective force repulsive. Intense ionization masquerades for dynamical effects
due to selective elimination of slower atoms, leaving only the faster ones in the sample.
This results in speeding up of the entire population at 1 au and a change in the mean flow
direction (Bzowski et al. 1997). By contrast, within the interaction region in the OHS, the
primary ISN H atoms are expected to flow almost independent on the phase of the solar
cycle, similarly to ISN He.
The speeds of atoms within the interaction region in the OHS are expected to be inde-
pendent on the solar activity level. The speeds in the interaction region of the collimator-
averaged subset of primary ISN He atoms that enter the detector in the spin angle bin
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Figure 5. Flux of ISN H (primary and secondary populations, solar minimum and maximum)
at IBEX, compared with the flux of ISN He (upper left panel), shown to demonstrate the very
limited range of spin angles where the primary population exceeds the secondary. Viewing geometry
characteristic for IBEX orbit 68 and its equivalent for the observation season 2015. Times of flight
from the interaction region at rB = 1.75 × rHP (lower-left panel), atom speed at rB (upper right),
and the spread in the times of flight for the primary population of ISN H during solar minimum nad
maximum, all compared with the corresponding quantities for ISN He.
264◦ (i.e., with the maximum flux) are indeed close to those assumed at the boundary of
the simulation region (dotted line in the upper right panel of Figure 5). This is not the case
for H atoms. The H atoms observed during solar minimum had their speeds in the inter-
action region larger by ∼ 7 km s−1 than the assumed bulk velocity, and those observed
during high solar activity still larger. This latter effect seems counter-intuitive, because the
high radiation pressure could be expected to slow down the entire population at 1 au. This
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Figure 6. fig:sunspots Compilation of approximate differences between IBEX observation times of
ISN atoms and the times of the atoms penetration of the interaction region in the OHS, put in the
context with the history of the solar activity. The solar activity level is illustrated by a smoothed
revised Brussels sunspot number SN (gray line, Clette et al. 2016; Clette & Lefe`vre 2016). The
observation interval of ISN He by IBEX (2009–2020) is shown with the black line, and the two
selected observations of the primary ISN H with the green point for the solar minimum (2010), and
the orange point for the solar maximum conditions (2015). The time interval when the primary
population of ISN He observed in 2009—2020 was penetrating the interaction region in the OHS
is marked in blue, and the penetration interval for the secondary He in pale blue. The times of
penetration of the interaction region by the primary population of ISN H observed in 2010 are
marked in green, and those observed in 2015 in orange.
is not the case, however, because due to the high radiation pressure only a subset of atoms
can reach 1 au, namely those with a sufficiently high speed in the interaction region. This
speed must be high enough to prevent the increased radiation pressure from repelling them
altogether. Since these latter atoms travel faster most of the way, their time of flight from
the interaction region is shorter than that of He atoms and of the H atoms observed during
solar minimum, and their averaged speed is larger.
ISN H atoms observed during solar minimum have a little longer times of flight but larger
speeds in the source regions than ISN He atoms because of the radiation pressure action
discussed above. Additionally, during all epochs, a part of this effect is induced deep
inside the heliosphere due to selective ionization: the atoms that traveled slower had been
eliminated more readily than the faster ones, but while only the faster ones survived, the
mean time of flight of the observed sample is a a little longer.
In all, however, the delay for the primary population of ISN H is similar to that for ISN
He and close to at least three–four solar cycle periods, with variations between low and
high solar activity on the order of half solar cycle length.
3.3. Epochs of penetration of the interaction region
In this section, we consider the epochs when the atoms presently observed by IBEX tra-
versed the interaction region in the OHS. A simplified compilation of the delay between
penetration of the interaction region in the OHS and detection is presented in Figure 6, put
in context with variations of the solar activity, represented by smoothed modified sunspot
number SN (Clette et al. 2016; Clette & Lefe`vre 2016).
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For a given detection time td, we calculate the time span of penetration of the interaction
region (tin, tout) as:
tin= td − TTOF −∆τ
tout= td − TTOF +∆τ. (9)
To calculate tin for the primary population of ISN He we take TTOF for the spin angle bin
with maximum flux for IBEX orbit 64 and td corresponding to the actual observation time
for this orbit torb. To account for all seasons of IBEX observations, we calculate tout using
for td a date increased by 10 years. The time of flight and its spread are calculated from
Equations 1 and 8, respectively. Consequently, for IBEX observations of ISN He, we have
tin= torb − TTOF −∆τ
tout= torb + 10 yr− TTOF +∆τ, (10)
where torb is the time for IBEX orbit 64 for the primary population and orbit 54 for the
secondary population.
This can be done because for He atoms, which are insensitive to radiation pressure, the
time of flight does not depend on the phase of the solar cycle. This interval in Figure 6 is
marked in blue. To calculate the interval (tin, tout) for the secondary population, we use the
time of flight for the maximum flux bin for orbit 54. This interval is marked in pale blue in
Figure 6.
For ISN H, we must differentiate between high and low solar activity. We make the
estimates not for the full interval of IBEX observations but for two selected time moments:
2010.18 and for 2015.0. These dates are marked with orange and green dots, respectively,
in Figure 6. The penetration intervals are then calculated similarly as described in the
preceding paragraph and marked in orange and green.
The penetration intervals for the primary and secondary population of ISN He are strik-
ingly different. While IBEX observes the primary atoms that penetrated the interaction
region 3–4 solar cycles before the observation, the secondary atoms that it observes were
created in the outer heliosheath during an interval six solar cycles long, throughout most of
the 19-th century. This suggests that the secondary He population brings information well
averaged over the solar activity, and corresponding to time intervals that the only informa-
tion on the solar activity we have available is from the sunspot record (and possibly and
indirectly, from early measurements of geomagnetic field variations, Nevanlinna 2004).
The penetration intervals for the primary ISN H vary with the solar activity level and in
the length. They partly overlap with the penetration interval for the primary ISN He, but
for solar minimum, they extend farther in time backwards. Effectively, the information
brought by the primary atom to the detector is averaged over at least one solar cycle, with
a delay of at least three solar cycles.
3.4. When will the atoms that crossed the heliopause during the Voyager OHS passage be
observable at 1 au?
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Figure 7. Approximate arrival dates of ISN He atoms that were penetrating the heliopause at the
time of heliopause crossing by Voyager 1, presented as a function of spin angle for IBEX viewing
geometry characteristic for orbits 54, 61, 64, and 68. Note the vertical scale is logarithmic.
The Voyager spacecraft crossed the heliopause in August 2013 (V1; Burlaga et al. 2013;
Stone et al. 2013; Krimigis et al. 2013) and November 2018 (V2; Richardson et al. 2019;
Stone et al. 2019; Burlaga et al. 2019; Krimigis et al. 2019). An ability to sample at 1 au
the ISN atoms that during this time were penetrating the interaction region would provide
an opportunity to compare the data on the plasma state obtained in situ with effects of the
OHS plasma-neutral interactions engraved in the ISN He and H populations. The question
is when the atoms carrying this information will appear at 1 au.
We approximately estimated these dates for ISN He adopting as a beginning of the visi-
bility interval a date obtained as:
tV = tV1,HP + TTOF −∆τ, (11)
where TTOF is the mean time of flight (Equation 1) of ISN He atoms from the heliopause at
rHP to a detector at 1 au with the viewing geometry corresponding to that of IBEX, tV1,HP
is the time of heliopause crossing by Voyager 1, and ∆τ is the spread of times of flight
(Equation 8). Equation 11 calculates calendar dates when the fastest of the ISN atoms that
penetrated the heliopause after Voyager 1 crossed the heliopause will reach an IBEX-like
detector at 1 au. These dates are shown in Figure 7.
First of them, the fastest ones, are expected to be detectable by IBEX only at the end
of the ISN observation season in 2022 (two pixels at the beginning of March). Most of
them, however, will become observable approximately during the IMAP observation times
(McComas et al. 2018), between 2025 and 2030. Secondary atoms will be visible much
later, well into the second half of the present century. The bulk of the atoms, both primary
and secondary, will appear at Earth’s orbit approximately one solar cycle after the first ones,
beyond the expected lifetime of IMAP.
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For the primary H ISN, the first atoms that meet the Voayger at heliopause, will be seen
at 1 au around 2027, and hopefully IMAP will be able to measure them. Some differences
in times of flight from HP for hydrogen depending on the phase of the solar cycle exist on
the order of 2 years, but they are not significant in our rough estimates.
Note that interactions in the OHS that formed the secondary populations of ISN atoms
and modified the primary ones must occur well before the heliopause crossing. Hence the
conclusion from this part of the research is that currently operating or planned missions,
during their lifetimes, most likely will not see the ISN atoms that were present in the inter-
action region when the Voyager spacecraft took their in-situ measurements of the plasma,
magnetic field, and suprathermal particles.
4. SUMMARY AND CONCLUSIONS
We studied the time delay between penetration by ISN atoms of the region of intense
plasma-neutral interaction in the OHS and detection of these atoms at 1 au. We showed that,
as expected, this delay is much longer than that for the ENAs and varies from about 3—4
lengths of the solar cycle for the primary populations of ISN He and H, up to ∼ 150− 200
years for the secondary He, with a significant spread. For ISN H, the delay varies with the
phase of the solar cycle.
The length of the time of flight for the primary populations implies the atoms observed
nowadays penetrated the interaction region in the OHS in 1960s to 1980s, i.e., during the
space era, when the solar wind measurements are available at least for the ecliptic plane.
This makes it potentially feasible to develop time-dependent models of the heliosphere
with observation-based solar wind model to cover their OHS penetration times. However,
at least for the secondary population of He there is no such possibility, as these atoms
penetrated the interaction region in the 19-th century, when only sunspot observations are
available. Therefore, it seems that analysis of ISN atom observations will have to rely on
time-independent models with appropriately averaged solar wind conditions.
Because of the different travel times between the primary ISN atoms, the secondary ISN
atoms, and the ENAs observed at the same time, these observations bring information from
very different epochs. Furthermore, the information brought by ISN atoms is averaged
over several solar cycles. Therefore, it is not realistic to demand that simulation results
performed using stationary model of the heliosphere will reproduce an instantaneous state
of the heliosphere, characteristic for in-situ measurements such as those of energetic ions
by the Voyagers. This also applies to the state of the heliosphere obtained from analysis of
ENAs, especially those with the energies of tens of keV, which carry information from re-
gions distant by hundreds au within several months. The bulk of ISN atoms that penetrated
the heliopause at the time of Voyager crossing will become visible only at the end of and
after the planned observation interval by IMAP, and the secondary population of He only
in the second half of the present century.
The spread in the times of flight of the primary ISN He atoms on the order of the
length of the solar cycle prevents an easy detection of hypothetical trends in the inflow
18 M. BZOWSKI & M.A. KUBIAK
direction of ISN gas to the heliosphere (Frisch et al. 2013). The delay affects all ob-
servations of ISN He inside the heliosphere, including those by IBEX (Bzowski et al.
2015; Schwadron et al. 2015; Swaczyna et al. 2018) and by GAS/Ulysses (Witte 2004;
Bzowski et al. 2014; Wood et al. 2015, 2019). Results of these measurements were in
agreement with each other within relatively large uncertainties, which was interpreted as no
change. However, because of the spread in arrival times from the interstellar medium, the
hypothetical change of a few degrees during∼ 10 years is unlikely to be detectable in these
measurements. A much longer time interval of the observations is needed, on the order of
three solar cycles. This will likely be available after the IMAP mission (McComas et al.
2018), which is planned to terminate about 2030. This hypothetical change might only be
detectable based on almost continuous observations of ISN He from Ulysses (1992–2007),
IBEX and IMAP.
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